The tumor suppressor p53 has an important role in inducing cell-intrinsic responses to DNA damage, including cellular senescence or apoptosis, which act to thwart tumor development. It has been shown, however, that senescent or dying cells are capable of eliciting inflammatory responses, which can have pro-tumorigenic effects. Whether DNA damage-induced p53 activity can contribute to senescence-or apoptosis-associated pro-tumorigenic inflammation is unknown. Recently, we generated a p53 knock-out rat via homologous recombination in rat embryonic stem cells. Here we show that in a rat model of inflammationassociated hepatocarcinogenesis, heterozygous deficiency of p53 resulted in attenuated inflammatory responses and ameliorated hepatic cirrhosis and tumorigenesis. Chronic administration of hepatocarcinogenic compound, diethylnitrosamine, led to persistent DNA damage and sustained induction of p53 protein in the wild-type livers, and much less induction in p53 heterozygous livers. Sustained p53 activation subsequent to DNA damage was accompanied by apoptotic rather than senescent hepatic injury, which gave rise to the hepatic inflammatory responses. In contrast, the non-hepatocarcinogenic agent, carbon tetrachloride, failed to induce p53, and caused a similar degree of chronic hepatic inflammation and cirrhosis in wild type and p53 heterozygous rats. These results suggest that although p53 is usually regarded as a tumor suppressor, its constant activation can promote pro-tumorigenic inflammation, especially in livers exposed to agents that inflict lasting mutagenic DNA damage.
INTRODUCTION
Tumorigenesis has been recognized as not only a process intrinsic to cancer cells, but also a consequence of inflammatory microenvironments. 1 Hepatocellular carcinoma (HCC) is a prototype of inflammation-associated cancer, as most human HCC cases have a history of unresolved chronic hepatitis and cirrhosis. Carcinogen exposure and viral infection are major causes of HCC. Genetic damage caused by these agents 2 may result in hepatic injury and activation of resident and recruited inflammatory cells, leading to immune surveillance of the damaged cells. 3 On the other hand, these inflammatory responses can promote tumorigenesis by creating a microenvironment that stimulates compensatory heopatocyte proliferation, an important adaptive response that maintains liver mass, but which is also an essential factor for HCC development subsequent to genetic damage. 4 However, the mechanisms that link genetic damage to induction of hepatic inflammation during liver tumorigenesis remain unknown.
The tumor suppressor p53 provides the primary genetic defense against cancer by mounting DNA damage responses (DDR) to diverse genotoxic stresses. 5 Loss or mutation of p53 is common in late stage of liver cancer. However, accumulation of wild-type p53 has been observed in hepatocytes of fibrotic livers as well as in dysplastic liver nodules, particularly in patients with viral hepatitis, but the significance of this is unknown. [6] [7] [8] Conditional p53 activation in hepatocytes was shown to induce spontaneous liver fibrosis in mice. 9 In contrast, complete deletion of both p53 alleles led to increased formation of fibrotic tissue in another murine model of hepatic fibrosis. 10 These apparently contradictory conclusions reflect the complexity of p53 function in the context of inflammation-associated liver diseases.
The rat is the preferred model organism in many fields of biomedicine, including cancer research, owing to its closer physiopathology to humans. 11 Recently, we generated the p53 knock-out rat via homologous recombination in rat embryonic stem cells. 12 Here we investigated the effect of p53 deficiency in a rat model of carcinogen-induced liver cancer, wherein hepatocarcinogenesis is driven by chronic exposure to diethylnitrosamine (DEN). This model closely recapitulates the inflammation-cirrhosis-HCC axis of its human disease counterpart. 13 Our results reveal a possible causal relationship between genetic damage, sustained p53 activation, chronic hepatitis and HCC development.
RESULTS AND DISCUSSION
To determine whether the activation of p53 by genetic damage may contribute to HCC development, we subjected wild-type and p53 þ / À rats to chronic treatment of DEN, which induces hepatocyte DNA damage through DNA adduct formation. This model incorporates persistent genetic damage, chronic injury, unresolved inflammation, progressive cirrhosis and tumorigenesis, and thus shares several features with the microenvironment in which the majority of human HCCs arise (Figure 1a ). After 10 weeks of DEN administration, wild-type rats showed evidence of overt hepatic cirrhosis, whereas p53 þ / À rats had cirrhosis that was far less severe as demonstrated by macroscopic appearance, Sirius red staining and expression of a-smooth muscle actin (Figures 1b and c. In p53 þ / À rats, strong suppression of hepatic fibrogenesis was already observed 5 weeks after DEN treatment, as indicated by the reduction in messenger RNA expression of early markers of fibrogenesis including TGF-b1 (transforming growth factor b1, encoded by Tgfb1), a-SMA (encoded by Acta2), and collagen-a1(I) (encoded by Col1a1) (Figure 1d ). Four weeks after the end of the 10-week DEN treatment, multiple tumors were visible on the livers of wildtype rats, whereas the numbers of detectable tumors were significantly lower on the livers of p53 þ / À rats ( Figure 1a ). Histological analysis revealed the presence of more malignant tumors as well as pre-malignant nodular lesions (dysplastic foci, low-and high-grade dysplastic nodules) in wild-type rats than in p53 þ / À rats, although most tumors in the two groups of rats were of similar grade (Supplementary Figure S1) . Notably, inflammatory infiltration of p53 þ / À rat livers was much less than that of wildtype controls, as evidenced by lower numbers of neutrophils, Figure 1 . Reduced cirrhosis and tumorigenesis in p53 þ / À rat livers in DEN-induced hepatocarcinogenesis. HCCs in rats were chemically induced by weekly intraperitoneal administration of DEN (70 mg/kg body weight; Sigma-Aldrich, St Louis, MO, USA) for 10 weeks. At the indicated times, rats were killed and the livers immediately removed, weighed and placed in ice-cold phosphate-buffered saline (PBS). The externally visible tumors (X2 mm) were counted and measured by stereomicroscopy. Tumor size was measured using a vernier caliper. Parts of the livers were fixed in 4% paraformaldehyde and paraffin-embedded for histological evaluation. p53 À / À rats were excluded from the study because of the early emergence of spontaneous tumor development. p53 þ / À rats that developed hemangiosarcoma after DEN treatment were also removed from analysis. . Accordingly, the circulating levels of proinflammatory cytokines such as interleukin (IL)-6 and tumor necrosis factor (TNF)a were detected to be lower in p53 þ / À rats ( Figure 2b ). To ascertain the inflammatory effects of p53, we administered DEN to wild-type and p53
þ / À rats for 1 week, and found that the levels of circulating IL-6 and TNFa and their corresponding hepatic mRNAs were also significantly lower in DEN-treated p53 þ / À rats compared with wild-type controls ( Supplementary Figures S2a and b) .
Consistent with the observably lower inflammation, p53
livers exhibited significantly less hepatic injury and consequent compensatory cell proliferation than wild-type counterparts after DEN administration, as determined by serum alanine aminotransferase (ALT) levels and bromodeoxyrudine (BrdU) uptake, respectively (Figures 3a and b) . The difference in hepatic injury is likely unattributable to diminished DEN cytotoxity in p53 þ / À rats as expression of CYP2E1, which is responsible for DEN bioactivation in hepatocytes, 14 did not differ between wild-type and p53 þ / À rats, whereas the induction of p53 target gene, Mdm2 by DEN, was significantly suppressed in p53 þ / À and p53 
No differences in hepatic injury and compensatory hepatocyte proliferation, as determined by serum ALT levels and Ki67 staining, were seen between the two groups after partial hepatectomy (Supplementary Figures S3c and  d , indicating that p53 deficiency does not affect the regenerative capacity of the liver. We then examined whether the observed differences in liver damage are due to p53-mediated apoptosis or senescence, both of which are generally considered as potent tumor suppressor mechanisms that irreversibly prevent tumorigenesis. TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling) staining of the liver tissue revealed a decrease in TUNEL-positive cells in p53 þ / À rats compared with the control littermates. We also found that the Figure 3 . p53 deficiency confers protection against DEN-induced hepatic injury (a) Male wild type (WT) and p53 þ / À rats were given DEN (70 mg/kg), and circulating levels of ALT were quantified at day 7. Data are presented as mean ± s.d., **Po0.01, n ¼ 5-7. (b) One week after DEN administration, hepatic compensatory proliferation in livers of DEN-injected male WT or p53 þ / À rats (n ¼ 3) was assessed by injecting mice with BrdU (1 mg per rat) 2 h before the liver was removed. BrdU-positive cells were identified by immunohistochemistry. numbers of hepatocyte positive for cleaved caspase-3, an active form of caspase-3, were also significantly lower in p53 þ / À rats than in wild-type controls (Figures 3c and d) . These findings indicate that heterozygous deletion of p53 led to protection against DEN-induced hepatocyte apoptosis. Senescence-associated b-galactosidase staining of the liver sections was also performed, p53 deficiency limits HCC development H-X Yan et al and showed that senescent hepatocytes were not obvious in either group (not shown). These observations are analogous to results seen recently in murine livers, conditionally deleting the gene encoding Mdm2, a protein that promotes p53 degradation, where activation of p53 often causes hepatocytes apoptosis and spontaneous liver fibrosis. 9 To corroborate our results from the DEN model indicating p53 promotes hepatic cirrhosis, we used another model of cirrhosis, based on administration of carbon tetrachloride (CCl 4 ). Surprisingly, in contrast to earlier findings in the DEN model, both wild-type and p53 þ / À rats showed a similar degree of overall cirrhosis, liver injury and inflammatory cytokine production after eight doses of CCl 4 (Figure 4a and Supplementary Figure S4) . To interrogate the mechanisms underlying the discrepant results between these models, we examined p53 activation in livers of DEN-or CCl 4 -treated rats. In saline-treated control livers, p53 was inactive or even undetectable. DEN treatment resulted in a marked induction of p53 protein in the wild-type livers and much less induction in p53 þ / À livers. In contrast, the levels of p53 remained essentially at control levels in CCl 4 -treated livers. Interestingly, the expression of p53 target gene, p21, was constitutively elevated in both DEN-and CCl 4 -treated livers, and did not differ between wild-type and p53 þ / À livers, suggesting p53-independent regulation of p21 during hepatic fibrogenesis (Figure 4b and Supplementary Figure S5) . The DDR and p19 ARF tumor suppressor are two major activation arms of p53. Immunohistochemical analysis revealed prominent induction of H2A.X phosphorylation in DEN-treated livers analyzed 48 h and 10 weeks after treatment initiation, but not in CCl 4 -treated livers analyzed 8 weeks after treatment initiation, which indicates that DNA damage was present throughout the DEN treatment (Figure 4c) . Furthermore, immnohistochemical analysis of phosphorylated Chk2, a downstream effector of the ATM-dependent DNA damage checkpoint pathway, also showed a comparable degree of DEN-induced DDR in wild-type and p53 þ / À livers (Supplementary Figures S5b and c . Unlike phospho-H2A.X, p19 ARF expression was confined mostly to high-grade dysplastic nodules or advanced HCCs (Figure 4c) , suggesting that the p19 ARF /p53 pathway is only engaged at later stages of tumor evolution when oncogenic signals are excessively elevated. These data point to robust p53 activation following DEN-induced DNA damage as a probable mechanism for inducing the pro-tumorigenic inflammation in the liver.
Most human HCCs arise in cirrhotic livers exposed to DNAdamaging agents, such as aflatoxin B1, and hepatitis B and C viruses. Virtually all cirrhosis-inducing conditions contribute to HCC development, pointing to important interactions with the host microenvironment. 16 The development of well-defined models of liver cancer that recapitulate the human pathological state is essential for elucidating the molecular basis of carcinogenesis and evaluating new antitumor strategies. Although a number of genetically modified mice have been shown to develop spontaneous hepatic tumors, few of the tumors arise from preestablished liver cirrhosis as observed in most patients. 17 These models might aid in understanding the aberrant cell-intrinsic signaling that drives oncogenesis, but they do not recapitulate the natural development of cancer in patients, especially in those chronically infected with hepatitis viruses or exposed to carcinogen. For the carcinogen-induced hepatocarcinogenesis model, DEN is most widely used because of its potency and the reproducibility of HCC induction. However, in the murine model of DEN-induced HCC, only one single postnatal injection is administered, so the sequence of events leading to persistent DNA damage, fibrosis, cirrhosis and tumor is completely skipped. In contrast, chronic exposure of rats to DEN gives rise to multistage hepatocarcinogenesis, which can faithfully recapitulate the natural history of persistent DNA damage in liver and chronic hepatic inflammation during human HCC development. 13 Using the rat model of DEN-induced HCC, we demonstrate that persistent DNA damage caused by DEN led to sustained p53 activation and enhanced pro-tumorigenic inflammation in liver. Heterozygous deletion of p53 dramatically attenuated the cirrhotic inflammation and hepatic tumorigenesis. By contrast, p53 deficiency in mice was previously shown to fail to significantly change the rate of development of DEN-induced HCC 8 months after the single postnatal injection of DEN, in which no apparent hepatic inflammation was observed. 18 This apparent contradiction can be explained by the unique features of the hepatic inflammation, which is mostly triggered by hepatocyte death. Hepatic responses to injury are determined by the interplay between parenchymal and nonparenchymal liver cells, in which hepatocyte death results in activation of Kupffer cells that in turn produce cytokines to promote regeneration. 19 Interestingly, p53-deficient mice displayed a lower incidence of chemically induced skin tumors than did wild-type mice. As the skin model also entails a large inflammatory component, our study may shed light on a potentially more general mechanism, linking p53 to inflammation and cancer development. 20 Our findings that hepatocyte apoptosis was markedly decreased in p53 þ / À livers after DEN treatment suggest that protection from apoptosis conferred by p53 deficiency mitigates chronic state of hepatocyte death, inflammatory responses and regenerative proliferation, which together constitutes a risk factor for cancer development.
Among the chemicals that have been used in the induction of liver cirrhosis, CCl 4 is most commonly used because of its strong liver-specific cytotoxicity. Although CCl 4 has been shown to promote carcinogen-induced hepatocarcinogenesis, it is largely non-hepatocarcinogenic when used alone possibly because of a lack of genotoxic effects. An interesting finding in our study is that no significant difference in liver cirrhosis has been noticed between wild-type and p53 þ / À rats after repeated administration of CCl 4 , which is in sharp contrast to the differences observed in DEN-treated animals. Our results show that DEN induced high levels of p53 protein in the rat liver, whereas CCl 4 did not increase p53 in this organ. The induction of p53 by DEN is probably unrelated to its cytotoxicity, as p53 induction was already observed at nontoxic doses. 21 DEN-induced DDR seem to be mainly responsible for the potent induction of p53, as no apparent phosphorylation of H2A.X was evident after CCl 4 treatment. These findings reveal a possible causal relationship between genetic damage and inflammatory responses in the liver, where the activation of p53 by DDR leads to apoptotic cell death, which in turn triggers inflammatory signals in the surrounding microenvironment, which promote the transformation and clonal expansion of genetically mutated cells in the liver.
